An inherent bottleneck of data independent acquisition (DIA) analysis by Orbitrap-based mass spectrometers is the relatively large window width due to the relatively slow scanning rate compared to TOF. Here we present a novel gas phase separation and MS acquisition method called PulseDIA-MS, which improves the specificity and sensitivity of Orbitrap-based DIA analysis. This is achieved by dividing the ordinary DIA-MS analysis covering the entire mass range into multiple injections for DIA-MS analyses with complementary windows. Using standard HeLa digests, the PulseDIA method identified 61,078 peptides from 7,308 protein groups with ten MS injections of 30 min LC gradient. The PulseDIA scheme containing two complementary windows led to the highest gain of peptide and protein identifications per time unit compared to the conventional 30 min DIA method. We further applied the method to profile the proteome of 18 cholangiocarcinoma (CCA) tissue samples (benign and malignant) from nine patients. PulseDIA identified 6,063 protein groups in these CCA samples, with 23% increase of protein identifications, compared to the classical DIA method. The missing value for protein matrix dropped by 25% with PulseDIA acquisition. 618 proteins were significantly dysregulated in tumorous CCA samples. Together, we presented and benchmarked an alternative DIA method with higher sensitivity and lower missing rate.
INTRODUCTION
Mass spectrometry (MS)-based quantitative proteomics is increasingly applied to identify dysregulated proteins in clinical specimens, facilitating tumor diagnosis and prognosis. 1-3 DIA emerges recently as a significant discovery proteomics method enabling high-throughput and reproducible single-shot analysis of complex proteomes including those from clinical specimens. [3] [4] [5] The DIA method fragments a pile of precursor ions after the MS1 scan in an incremental and recursive fashion (called DIA windows), then records the fragment signals of all of these peptide precursors in the respective MS2 scans for peptide identification and quantification. 4 Several DIA-MS methods have been reported, including all-ion fragmentation (AIF) 6 and MS E 7 . In AIF and MS E , all precursor ions are analyzed in one window, collecting MS1 and MS2 spectra alternatively. The thus obtained MS2 spectra are highly convoluted and could not be effectively analyzed with conventional algorithms for data-dependent acquisition (DDA) proteomics. The emerging DIA-MS reduces the proteome complexity by making use of gas-phase isolation of flying peptide precursors in multiple windows with certain mass-charge (m/z) width. However, the sensitivity and specificity of DIA-MS are therefore limited by the window width.
When the number of isolation windows reaches the limit, gas-phase separation of peptide precursor ions could improve the sensitivity. A DIA-MS method called Precursor Acquisition Independent From Ion Count (PA-cIFIC) 8,9 acquires tandem mass spectra with every 1.5 m/z segment, leading to increased peptide and protein identifications. However, it takes several days to cycle through an entire m/z range and lacks quantitative information due to absence of precursor ion acquisitions. Another DIA method called multiplexing strategy (MSX) divides the peptide precursors in gas-phase into 100 windows. 10 To demultiplex the spectra, five separate 4-m/z isolation windows are analyzed in each scan of MSX DIA, and 20 scans are performed to cover the m/z range of 500-900. Both precursor ion selectivity (5-fold higher than the classical DIA) and fragment-ion spectra quality are improved under the narrower window width. However, MSX DIA doesn't increase the mean ion injection time. Therefore, the peptide and protein identification are not significantly improved.
Here, we present an alternative gas-phase separation PulseDIA-MS method, in which multiple DIA runs are performed to increase the number of windows and reduce the window width to improve specificity and sensitivity. We demonstrated its applicability in identifying dysregulated proteins from cholangiocarcinoma (CCA), a rare malignant tumor composed of cells that resemble those of the biliary tract. 11 CCA usually eludes from early diagnosis due to hardly discernable symptoms, leading to a poor prognosis and high morbidity. The serum marker carbohydrate antigen 19-9 (CA19-9) and carcinoembryogenic antigen (CEA) are sometimes used to detect CCA, however they are neither sensitive nor specific. 12 The need for discovering proteomic biomarkers for early diagnosis of CCA is pressing. Several proteomic studies of cell lines, bile fluid and sera have been reported. [13] [14] [15] Juliet P et al. used DDA-MS to identify several promising biomarkers (such as ANXA1, ANXA10, ANXA13) of CCA by proteomic analysis of microdissected cells extracted from 11 tissue samples collected from 11 CCA patients and verification by immunohistochemistry (IHC) of other 83 samples. 16 In this study, we performed proteomic analysis of 18 CCA tissue samples by the thus developed PulseDIA-MS method. 6,063 protein groups were quantified across all CCA samples and 618 proteins were found to be dysregulated significantly. Ingenuity pathway analysis (IPA) revealed that they were highly enriched in pathways such as RXR activation, xenobiotic metabolism signaling, AMPK signaling and PI3K/AKT signaling pathway.
EXPERIMENTAL SECTION Samples
HeLa Protein Digest Standard peptides were purchased from the Thermo Fisher Scientific™ (Product number 88329, Rockford, USA), and stored at -20 until analysis. All cell lines were provided by Dr Chenhuan Yu from Zhejiang Academy of Medical Sciences, Hangzhou, China. BT549, Hs578T, ZR75-1 and MDA-MB-231 cells were cultured in DMEM/F-12 medium (Cat No. 01-172-1ACS, Biological industries, Cromwell, CT, USA). MDA-MB-468 was maintained in L15 medium (Cat No. 01-115-1A, Biological industries, Cromwell, CT, USA). T47D was adapted in the DMEM medium (Cat No. 06-1055-57-1ACS, HyClone, Biological industries, Cromwell, CT, USA). MCF7, MX-1 and SK-BR-3 cells were cultured in 1640 medium (Cat No. 01-100-1ACS, Biological industries, Cromwell, CT, USA) supplemented with 10% fetal bovine serum (Cat No. 04-001AUS-1A, Biological industries, Cromwell, CT, USA) and penicillin-streptomycin (Cat No. 03-031-5B, HyClone, General Electric, USA) at 37 with 5% CO 2 .
18 tissue samples from nine CCA patients were collected within one hour after hepatectomy, then snap frozen and stored at -80 . A pair of tumorous tissue and the non-tumorous tissue from an adjacent region around the tumor as determined by histomorphological examination were collected from the same patient. Ethical permission was approved by Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology. This study was also approved by Ethics Committee of Westlake University.
Peptides extraction
HeLa Protein Digest Standard peptides were redissolved with HPLC-grade water containing 0.1% formic acid (FA) and 2% acetonitrile (ACN) at the final concentration of 0.25 µg/ul. Cell pellets and tissue samples were lysed and digested using PCT technology as described previously with some modifications. 17 Briefly, the cells were lysed with 50 μ L lysis buffer containing 6 M urea (Sigma) and 2 M thiourea (Sigma) in 100 mM ammonium bicarbonate in a PCT -MicroTube. The PCT-assisted lysis was performed under the scheme with 60 cycles with each cycle consisting of 30 s at 45,000 p.s.i. and 10 s at ambient pressure at 30 . PCT-assisted digestion was performed using lysC (1:40) and trypsin (1:50) in a barocycler under the PCT scheme for 45 cycles and 60 cycles, respectively. Each cycle contains 50 s at 20,000 p.s.i. and 10 s at ambient pressure at 30 . The thus generated peptides were acidified with trifluoroacetic acid (TFA) to pH 2-3, and cleaned with the Nest Group C18 columns (17-170 μ g capacity, Part No. HEM S18V, MA, USA) prior to MS analysis.
Data Acquisition with PulseDIA-MS
With the PulseDIA method, the MS1 was performed over a m/z range of 390-1210 with the resolution at 60,000, AGC target of 3e6, and the maximum ion injection time of 80 ms. The MS2 was performed with the resolution at 30,000, AGC target of 1e6, and the maximum ion injection time of 50 ms.
The PulseDIA acquisition of HeLa peptides was performed on a nano-flow HPLC system (EASY-nLC™ 1200 System, Thermo Fisher Scientific™, San Jose, USA) coupled to a QE HF-X mass spectrometer (Q Exactive HF-X hybrid Quadrupole-Orbitrap, Thermo Fisher Scientific™, San Jose, USA). For each PulseDIA acquisition, 0.5 μ g of peptides was injected and separated across a 30 min LC gradient (from 8% to 40% buffer B) at a flowrate of 300 nl/min (precolumn, 3µm, 100 Å, 20mm*75µm i.d.; analytical column, 1.9um, 120 Å, 150mm*75um i.d.). Buffer A was HPLC-grade water containing 0.1% FA, and buffer B was 80%ACN, 20%H 2 O containing 0.1%FA.
The PulseDIA acquisition of peptides from other cell lines and CCA tissues was performed on a nano-flow HPLC system (DIONEX UltiMate 3000 RSLCnano System, Thermo Fisher Scientific™, San Jose, USA) coupled to a QE HF mass spectrometer (Q Exactive Hybrid Quadrupole-Orbitrap, Thermo Fisher Scientific™, San Jose, USA). For each PulseDIA acquisition, 0.5 μ g of peptides was injected and separated across a 30 min LC gradient with the same settings as described above.
PulseDIA data analysis
PulseDIA raw files were converted into mzXML format using msconvert 18 and analyzed using OpenSWATH (2.4) 19 against suitable spectral library 20 . A library named DIA Pan Human Library (DPHL) containing 396,245 peptide precursors and 14,786 protein groups (accepted by GPB at Aug 22, 2019, manuscript No. GPB-D-19-00131R1) was used for HeLa peptides and CCA tissue samples analysis. The second library named BRP DIA library (provided in Data deposition) containing 58,015 peptide precursors and 6,331 protein groups was built based on the results of pFind 21 combined with the information of the synthetic iRT peptides (SiRT) 22 for the breast cancer cell line samples analysis.
The retention time extraction window was set at 600 seconds, and m/z extraction for MS2 was performed with 30 ppm tolerance while m/z extraction for MS1 was performed with 20 ppm tolerance. Retention time was then calibrated using common internal Retention Time standards (CiRT) peptides. The m/z extraction for CiRT peptides was performed with 50 ppm tolerance. Peptide precursors from the same sample that were identified by OpenSWATH and pyprophet with FDR<0.01 were combined using a R program named pulseDIA_pep_combine (https://github.com/Allen188/PulseDIA) to quantify the proteins in each sample.
RESULTS AND DISCUSSION Design of the PulseDIA Acquisition
The 400-1200 m/z mass range is divided into 24 windows in a conventional DIA method (Figure 1) . In PulseDIA, the peptide precursors were isolated in gas phase into more windows with n times smaller range of m/z. These windows were then assigned to n times MS injections in a pulse manner. For instance, if n is four, the PulseDIA evenly divides each window from the classical setting to four portions, and then allocate them into four MS injections sequentially (Figure 1) . As a result, the PulseDIA acquires data for 96 windows with 1/n m/z width of the original ones (Figure 1) . We also evaluated a duplicate PulseDIA method with 50% overlap between adjacent windows to generate duplicated signals with potential to improve the quantitative accuracy and reproducibility.
Customized PulseDIA window scheme can be generated using a R program named PulseDIA_calcu_wins (https://github.com/Allen188/PulseDIA). Parameters including MS1 acquisition range, number of windows, number of injection fractions, whether overlap of windows is allowed, and fixed or variable window scheme can be defined in the script for PulseDIA window scheme generation. As to variable windows, the precursor ions density information is required. With the four-pulse scheme, one would get four PulseDIA raw data for one sample. All the isolation window tables in this experiment were provided in the supplementary Table S1-4.
To analyze the PulseDIA data (Figure S1 ), all the PulseDIA raw data were converted to mzXML format using msconvert software for analysis. To analyze the pulseDIA-MS data generated from discontinuous m/z windows, we developed scripts to identify the conserved high-abundance peptides with CiRT for retention time calibration. With the four-pulse scheme, four TraML formats of CiRT were required for the analysis using OpenSWATH, and the four matrices obtained from OpenSWATH were then combined for the final peptide and protein identification.
Optimization of PulseDIA
A mixed peptide digest sample from nine breast cancer cell lines was firstly used to evaluate the technical reproducibility of the method, and then to optimize PulseDIA parameters systematically. Results showed that proteins were identified at a high degree of reproducibility ( Figure S2) . The median coefficients of variation (CV) values between the two technical replicates are around 0.5%-1.0%. Four parameters were tested and optimized to maximize the performance of PulseDIA: i) number of injections; ii) length of LC gradient; iii) fixed or variable window; iv) the width of overlaps between adjacent windows (Figure S3) . A total of 39,139 peptides and 5,033 protein groups were identified by the 5-injection PulseDIA scheme with 60 min LC gradient, fixed windows without half window width using the BRP DIA spectral library containing 58,015 peptide precursors and 6,331 protein groups (Table S5 ). The number of increased proteins identified per increased LC gradient time unit (min) further showed that two PulseDIA runs of 30 min LC gradient using fixed windows without half window overlaps resulted in the maximum increased protein identifications per time unit compared to the conventional 30 min DIA analysis (Figure S4) . We further compared the PulseDIA with two runs of 30 min LC gradient with the conventional DIA run of 60 min LC gradient (Figure S5) , and found that the peptide and protein identifications in-creased by 13.2% and 7.3% in average, respectively.
Next, we used the standard HeLa Protein Digest to verify the optimal parameters of PulseDIA which were obtained from the breast cancer cell line samples above. In order to test the PulseDIA capacity for maximum peptide and protein identification, a 10-injection PulseDIA runs of 30 min LC gradient, fixed windows without half window overlap were applied. As shown in Figure 2a , 61,078 peptides and 7,308 protein groups were identified under this 10-injection PulseDIA scheme (Table S6 ) against the DPHL spectral library. Compared to the 30 min LC gradient of conventional DIA, the peptide and protein identifications increased 112.5 % and 37.4% in average, respectively. Besides, with the increase of injection number, the number of peptide and protein identifications both increased too (Figure 2a) . Similarly, two PulseDIA runs of 30 min LC gradient lead to the maximum increase identification number of peptide and protein per time unit compare to the conventional DIA with 30 min LC and 24 standard DIA windows (Figure 2b) . The Pearson correlation coefficient of determination (r) between two technical replicates for proteins under these conditions were all greater than 0.9, indicating high repeatability and stability (Figure 2c) .
Application of PulseDIA to proteotyping of CCA
After benchmarking the PulseDIA method with cell line samples, we next evaluated its applicability to clinical tissue samples. Both PulseDIA-MS and the conventional DIA-MS were applied to the proteomics profiling of 18 tissue samples (benign and tumor pairs) from nine CCA patients. The relevant clinical information was listed in supplementary Table S7a . These CCA peptide samples were analyzed with two MS strategies, i.e., the PulseDIA scheme containing two MS runs of 30 min LC gradient, and the conventional DIA-MS of 60 min LC gradient.
Results showed that PulseDIA identified more peptides and proteins than conventional DIA in each sample using the same LC gradient (Figure S6) . The increased percentage of peptide and protein identification reach up to 34% and 42% respectively ( Table S7c ). In detail, for 18 tissue samples, PulseDIA identified 67,210 peptides and 6,063 protein groups from 36 PulseDIA data, improved by 10% and 23% compared to DIA from 18 DIA data, respectively.
We further checked the peptide and protein identification in different tissues (bebign vs. tumor). In peptides from tumorous tissues, PulseDIA identified a total of 59,505 peptides and 5,821 protein groups, while conventional DIA identified 52,968 peptides and 4,718 protein groups, both against the DPHL library (Figure 3a) . As to tissue from the adjacent benign area, a total of 48,141 peptides and 4,782 protein groups were identified by PulseDIA, while a total of 44,848 peptides and 4,088 protein groups were identified using conventional DIA.
Moreover, the missing value for protein matrix generated by PulseDIA is lower than the one generated by conventional DIA, with average missing rate for 18 samples dropped from 60% to 45% (Figure 3b) . The r values between two technical replicates for proteins were 0.99 for PulseDIA and 0.93 for DIA, respectively, indicating that PulseDIA achieved better reproducibility than DIA probably due to increased specificity (Figure 3c) . The high correlation coefficient of determination (r =0.93) between the quantification of the same proteins identified by these two methods demonstrated the high accuracy of PulseDIA method (Figure 3d) . Moreover, 618 significantly dysregulated proteins (p-value <0.05, log2 (FC, fold change) >0.5) were identified by PulseDIA while 470 proteins were identified by DIA, respectively, between tumorous and benign tissues (Figure 3e) . These comparison shows the superiority of PulseDIA-MS compared to DIA-MS in clinical applications.
We then analyzed enriched pathways based on the 618 significantly regulated proteins by Ingenuity Pathway Analysis (IPA) ( Table S8a) . 23 Our data showed that the PPP2R1B protein was enriched in many cancerassociated pathways ( Table S8b ). This protein had been reported in a variety of cancers, such as lung cancer, colon cancer 24 , cervical cancer 25 and hepatocellular carcinoma, 26 but there have been no report related to CCA so far. Our data suggest a potential novel role of PPP2R1B in CCA.
IPA also enriched 25 core networks ( Table S8c) . Hepatocyte nuclear factor 4-alpha (HNF4A) was found to be decreased in the 3 rd network (show the name of this network please) ( Figure S7a) . Our data also uncovered downregulation of transcription factor HNF4A as well as its downstream proteins including RBM15, PRODH2, SAT2 and CCDC90B in the CCA tumorous samples ( Table S8d) , in agreement with previous report showing inhibition or loss of HNF4A promotes tumorigenesis. 27 The 2nd network involving PI3K pathway (Figure S7b) , a regulator of CAA 28 was also highlighted in our data. This network contains two upregulated genes including endophilin-B1 (SH3GLB1) and lymphocyte-specific protein 1 (LSP1). SH3GLB1 activates lipid kinase activity of PIK3C3 during autophagy probably by associating with the PI3K complex II (PI3KC3-C2). 29 LSP1 has been reported as an independent factor for predicting the prognosis of hepatocellular carcinoma patients. 30 Together, with the PulseDIA method, we identified promising protein biomarker candidates for CCA.
CONCLUSION
In this study, we developed and benchmarked an alternative DIA-MS acquisition method called PulseDIA. Compared to the conventional DIA method, the PulseDIA method demonstrated higher sensitivity and specificity in peptide and protein identification. A total of 61,078 peptides and 7,308 protein groups were identified using ten PulseDIA runs of HeLa digest with 30 min LC gradient, which achieved an increase of 112.5% and 37.4% at peptide and protein group level, respectively, compared to the conventional 30-min gradient DIA. The reproducibility of PulseDIA is high (r>0.9). We further applied PulseDIA to analyze biopsy-level CCA tissue samples and identified 67,210 peptides and 6,063 protein groups. Compared to the conventional DIA method, the PulseDIA identified and 23% more proteins and reduced the missing value rate by 25%. We identified 618 significantly regulated proteins in CCA samples, uncovering novel protein biomarker candidates for CCA. Our case study showed that the PulseDIA method can be practically applied to protein biomarker research using clinical specimens with higher specificity, sensitivity and reproducibility.
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